The effect of electron beam irradiation on microbiological quality and safety of fresh-cut tomatoes was studied. Fresh tomatoes were obtained from a local supplier and then cut into cubes that were separated from the stem scars. Both cubes and stem scars were inoculated with a rifampin-resistant strain of either Salmonella Montevideo or Salmonella Agona, separated into treatment groups, and treated by electron beam irradiation at 0.0 (control), 0.7, or 0.95 kGy. The effect of electron beam irradiation on Salmonella, lactic acid bacteria, yeast, and mold counts and pH of tomato cubes and stem scars was determined over a 15-day storage period at 4ЊC. Results indicated that although irradiation treatment significantly reduced most microbial populations on tomato samples, there were no differences in the reduction of microbial populations between treatments of 0.7 and 0.95 kGy. Irradiation at either dose resulted in a significant reduction in Salmonella when compared with the control (P Ͻ 0.05). Lactic acid bacteria, yeasts, and molds were more resistant to irradiation than were Salmonella. No differences were detected between the two Salmonella serotypes in response to irradiation treatment. These results indicate that irradiation at doses of at least 0.7 kGy can be used for pathogen reduction in fresh-cut tomatoes. If the use of doses greater than 1 kGy were approved, this technology might be very effective for use in fresh-cut tomatoes to eliminate significant populations of pathogens and to ensure the microbial quality of the product.
Consumption of fresh-cut fruits and vegetables has been on the rise in the last several years, from sales of $5 billion in 1994 to $10 to 12 billion currently, representing 10% of total produce sales (18) . These fresh-cut products are gaining popularity because of their convenience for consumers, increasing interest in organic products, and changes in dietary habits and health trends (3) . However, the increase in consumption of minimally processed fruits and vegetables seems to have been accompanied by an increase in the incidence of foodborne illness. The number of documented outbreaks of human infections due to pathogenic organisms such as Salmonella, Shigella, and Escherichia coli O157:H7 associated with raw fruits and vegetables has increased in recent years (7, 23) . Tomatoes in particular have been associated with several multistate outbreaks of Salmonella infection in the last decade (8, 9, 16, 36) . Three salmonellosis outbreaks associated with consumption of Roma tomatoes occurred in the summer of 2004 (9) . During this period, 561 confirmed salmonellosis cases were associated with tomatoes from at least one packinghouse in the United States, raising concerns over industry washing and decontamination practices.
Many challenges are associated with ensuring the microbiological safety of tomatoes. Tomatoes are often washed in dump tanks, and if the water temperature is lower than that of the tomatoes, pathogen internalization may result. Some of the outbreaks associated with consumption of tomatoes might have resulted from poor washing practices at packinghouses (10) . Microorganisms can internalize into tomatoes via the stem scar, which has been reported to be the place where microorganisms accumulate when tomatoes are contaminated (15, 29) . The tomato is a commodity with a variably low pH (3.4 to 4.8) depending on variety and state of ripeness (21) , and it is often assumed that many pathogens associated with produce cannot survive on this product. Salmonellae, however, can adapt to reduced pH conditions and subsequently exhibit tolerance to stressful environments and are able to survive on tomatoes (4) . The produce industry uses water and chlorine rinses for washing tomatoes. Although chlorine is used for reducing pathogens and spoilage organisms in the wash water, it is often assumed that the antimicrobial effect of chlorine will result in product disinfection. However, researchers have had mixed results with the use of chlorine rinses in decontamination studies aimed at reducing pathogens on contaminated produce (2, 24, 31, 34, 35, 37) . Other compounds such as lactic acid have been reported as more effective as produce disinfectants (17) . Comprehensive reviews on methods for produce disinfection have been published by Sapers (30) and by Castillo and Rodríguez-García (6) . In their reviews, these authors described compounds for traditional chemical disinfection, such as organic acids, electrolyzed water, ozone, and hydrogen peroxide, and novel methods such as chlorine gas, vapor-phase application, or vacuum infiltration of antimicrobial agents, which seem to be promising technologies. However, factors limiting the effectiveness of decontamination treatments for produce are still not completely understood, and the use of chemicals for produce decontamination currently may not be feasible.
Electron beam irradiation is a promising new technology that has been proposed as an alternative or addition to existing methods for decontaminating fresh-cut produce. Ionizing radiation has been effective for destroying Salmonella at low doses (less than 1 kGy) and for preventing growth of spoilage microorganisms (25) . The use of electron beams instead of gamma rays can reduce unsubstantiated but real concerns among consumers about using a radioactive isotope for treating foods. In a recent study, Palekar et al. (27) demonstrated that electron beam irradiation at doses of 1.4 kGy, which are higher than those currently approved for fresh products, had little or no effect on the sensorial characteristics of sliced cantaloupes but resulted in low counts of aerobic bacteria over 15 days of refrigerated storage. Slicing and/or chopping of contaminated tomatoes may spread pathogens to portions that were not previously contaminated, and electron beam irradiation of fresh-cut tomatoes can be an effective alternative to chemical disinfection. The objective of this study was to determine the effect of electron beam irradiation on Salmonella and spoilage organisms in chopped tomatoes.
MATERIALS AND METHODS
Bacterial cultures. Salmonella enterica subsp. enterica serotypes Montevideo and Agona and their rifampin-resistant mutants were provided by Dr. Linda Harris (University of California, Davis). Preliminary studies indicated no significant differences in growth characteristics, heat tolerance, and acid sensitivity between the parent strains of Salmonella and their rifampin-resistant mutants (data not shown). Cultures were stored at Ϫ80ЊC on Protect Bacterial Preservers (Key Scientific Products, Round Rock, Tex.). Working stocks of these cultures were maintained on tryptic soy agar (TSA; Difco, Becton Dickinson, Sparks, Md.) slants at 4ЊC. Rifampin resistance of the Salmonella Montevideo and Agona cultures was confirmed by streaking them onto TSA containing 100 mg/liter rifampin (Rif-TSA; Sigma, St Louis, Mo.) and incubating the cultures at 37ЊC for 24 h. Characteristic colonies were then streaked onto TSA slants and incubated at 37ЊC for 24 h.
Inoculum preparation. The 24-h cultures of rifampin-resistant Salmonella
Montevideo and Salmonella Agona were transferred into separate flasks containing 300 ml of tryptic soy broth (TSB; Difco, Becton Dickinson) and grown overnight at 37ЊC. Aliquots (25 ml) of these cultures were transferred to sterile tubes and washed, and cells were harvested by centrifugation at 659 ϫ g for 10 min in a model B4 centrifuge (Jouan, Winchester, Va.). After discarding the supernatant, the resulting pellets were resuspended in 25 ml of sterile 0.1% peptone water (Difco, Becton Dickinson), vortexed, and recentrifuged. This procedure was repeated twice. The final suspension was used for inoculating the chopped tomatoes. Plate counts indicated that this inoculum contained ca. 8.0 log CFU/ml. Tomato preparation. Whole ripe Roma tomatoes were purchased from a local supplier in Bryan, Tex. The tomatoes had not received any kind of prior sanitizing or waxing treatment. The stem scars were removed from all tomatoes with a knife by excising an area of tissue 1.5 to 2 cm deep; the remainder of each tomato was chopped into pieces approximately 6 mm thick and 12 mm wide. The tomato cubes were then placed in a single layer in appropriately labeled shallow, hinged, clear polyethylene terephthalate (PETE) deli containers (17.8 by 22.9 cm; Genpak, Glen Falls, N.Y.). Approximately 50 g of tomato cubes was packed in each box, and stem scars were packed in separate PETE containers. For both tomato cubes and stem scars, one set of containers was inoculated with 2 ml of Salmonella Montevideo suspension and another set was inoculated with 2 ml of Salmonella Agona suspension by dropping the inoculum over the tomato pieces and thoroughly mixing to ensure an even distribution of the organisms over the tomato pieces. Positioning of the inoculum on a specific region such as under the skin of the tomato cube was a concern; however, preliminary trials confirmed the efficacy of this inoculation method and the homogeneous distribution of the organisms. Inoculation resulted in ca. 7.0 log CFU/g concentrations of the respective Salmonella serotypes. The containers with inoculated tomatoes were stored at 4ЊC until irradiation treatment on the next day. Before introduction to the irradiation facility, a secondary packaging step was implemented, consisting of placing the containers inside Whirl-Pak bags (Nasco, Fort Atkinson, Wis.). This measure was always used to prevent spillage of pathogens.
Dose mapping. Dose mapping was completed at the National Center for Electron Beam Food Research (Texas A&M University, College Station) by means of alanine pellets (Harwell Dosimeters, Didcot, Oxfordshire, UK). Dosimeters were placed on the top and bottom of tomato pieces in the upper left corner, center, and lower right corner of the PETE containers to quantify absorption throughout the sample. Consistent thickness of tomato samples was important to allow efficient electron beam dose absorption targeting for a maximum ratio of highest to lowest dose (maximum/minimum ratio) of 1.20 for 0.7 kGy and 1.40 for 0.95 kGy. If the thickness of the samples had exceeded 6 mm, the maximum/ minimum ratio would have been significantly greater than 1.4, indicating that underprocessing might have occurred, which would lead to increased survival of microbes. Dual electron beams were used to achieve more uniform penetration of samples. The sources of electron beams were an upper and lower 10-MeV linear accelerator (Titan Corp., San Diego, Calif.). Absorbed dose was calculated from the dosimeters with an electron paramagnetic resonance instrument (EMS 104 EPR Analyzer, Bruker Instruments, Karlsruhe, Germany) and comparison with a standard curve. An appropriate number of 0.5-cm high-density polyethylene (HDPE) attenuation sheets was stacked on top of the PETE containers containing tomato samples, and the conveyor belt was adjusted at the appropriate speed to achieve the average target doses of 0.7 or 0.95 kGy. Wooden planks were placed between the HDPE sheets to prevent the sample boxes from being smashed or damaged. Based on dosimetry values, the maximum/minimum ratios were 1.34 and 1.26 for the 0.70-and 0.95-kGy target doses, respectively (versus the ideal targeted 1.20 to 1.40 ratios for both doses). These values were used on the day of processing to calculate the average absorbed doses.
Application of irradiation treatment. Inoculated tomato samples were placed in a single layer in cardboard boxes on a conveyer belt and treated with an average absorbed dose of either 0.7 or 0.95 kGy of electron beam irradiation at the National Center for Electron Beam Food Research. The 0.7-kGy dose was chosen because it was highest reported D-value (dose necessary for a 1log reduction in the bacterial population) for non-spore-forming pathogens according to Olson (25) , whereas the 0.95-kGy dose was the maximum dose accurately achievable that was less than the permitted 1 kGy. Nonirradiated control samples remained in storage at 4ЊC at the Food Microbiology Laboratory. To minimize variations in dose absorption, all samples were placed in the cardboard trays in an identical attenuation configuration and geometry. Immediately following treatment, all irradiated samples were transported to the Food Microbiology Laboratory for storage at 4ЊC and analysis at 0, 3, 6, 9, 12, and 15 days.
Microbiological analysis.
On each day of analysis, three boxes from each treatment group were separated and analyzed for surviving Salmonella, lactic acid bacteria (LAB), yeasts, and molds. From each box, 25-g samples of chopped tomatoes were removed with sterile forceps, placed in stomacher bags, combined with 225 ml of sterile 0.1% peptone water, and pummeled with a Stomacher 400 laboratory blender (Seward, Worthington, UK) for 60 s. For stem scars, 10-g samples were removed with sterile forceps, combined with 90 ml of sterile 0.1% peptone water, and pummeled for 60 s. To enumerate surviving salmonellae, appropriate 10-fold serial dilutions were made, spread plated onto Rif-TSA with cycloheximide (100 mg/liter; Sigma) to prevent growth of yeast and mold, and incubated at 37ЊC for 18 to 24 h. For LAB enumeration, sample dilutions were spread plated using deMan Rogosa Sharpe agar (MRS; Difco, Becton Dickinson) with an overlay of all-purpose Tween agar (APT; Difco, Becton Dickinson) adjusted to pH 4.0 Ϯ 0.1 with 10% tartaric acid (Mallinckrodt Chemical Works, St. Louis, Mo.). These plates were incubated at 35ЊC for 3 to 5 days (13) . Yeasts and molds were enumerated by dispensing appropriate dilutions onto yeast and mold Petrifilm (3M, St. Paul, Minn.), which was incubated at 25ЊC for 5 days. Colony counts were obtained separately for yeasts and molds.
Confirmation of isolates.
For each day of analysis, 10 characteristic Salmonella colonies were randomly chosen and streaked onto TSA slants and incubated for 24 h. Cultures were then confirmed as unable to ferment lactose, positive for H 2 Table 1 lists the population counts of Salmonella Montevideo and Salmonella Agona on tomato cubes and stem scars as affected by electron beam irradiation. Salmonella Montevideo counts were significantly reduced (P Ͻ 0.05) on tomato cubes, from 7.2 log CFU/g on the control to 5.4 and 5.0 log CFU/g on tomatoes treated with 0.7 or 0.95 kGy (1.8-and 2.2-log reduction, respectively). Counts were also significantly reduced on stem scars, from 7.1 log CFU/ g on the controls to 4.7 log CFU/g after irradiating at doses of 0.7 or 0.95 kGy (2.4-log reduction). For tomatoes inoculated with Salmonella Agona, the populations were reduced by 1.3 and 1.5 log cycles on tomato cubes and by 1.3 and 2.2 log cycles on stem scars. Increasing the dose from 0.7 to 0.95 resulted in a small, if any, additional reduction in counts of both serotypes of Salmonella.
RESULTS AND DISCUSSION
Inoculated fresh-cut tomatoes also were evaluated after irradiation treatment during 15 days of storage at 4ЊC. A similar trend in Salmonella behavior was observed on both tomato cube and stem scar samples inoculated with Salmonella Montevideo (Fig. 1) , with slight population decreases over time. Counts on untreated tomatoes were always significantly higher (P Ͻ 0.05) than those obtained from treated tomatoes (data analysis not shown). Significant differences in population counts for stem scars (P Ͻ 0.05) were observed for different irradiation doses at storage days 3, 6, and 9; however, these differences may be related to differences between replicates due to the irregular shape of the stem scar region rather than to a real dose effect. This reduction pattern also was observed for tomatoes inoculated with Salmonella Agona at all sampling times (data not shown), indicating that there was no significant improvement in the reduction of pathogens by using the higher dose of 0.95 kGy instead of 0.7 kGy. These results indicate that a Stem scar areas of fresh tomatoes were removed to a depth of approximately 1.5 cm, and the remaining tissue was cut into cubes approximately 1.5 cm per side. Within rows, means for each treatment group (0, 0.7, or 0.95 kGy) followed by same letter A or B are not significantly different (P Ͼ 0.05); within columns, means for each treatment group (tomato cubes or stem scars) followed by same letter Y or Z are not significantly different (P Ͼ 0.05). b Log reduction is the population (log CFU per gram) on control samples minus the population on treated samples. NA, not applicable. c Counts reported as Ͻ1.0 log CFU/g were below the detectable limit of 10 CFU/g. low-dose irradiation treatment can be of help in reducing pathogens on fresh-cut tomatoes; however, this treatment does not have a continued antimicrobial effect. Therefore, care must be taken to prevent any recontamination of treated tomatoes, because other barriers might not be in place during subsequent handling of fresh-cut tomatoes. The continued reduction of both strains of Salmonella cannot be attributed to the effect of irradiation but most likely was due to the activity of background microbiota such as LAB and to the low pH of the product.
Electron beam irradiation resulted in a 1.3-and 2.8-log reduction of LAB on tomato cubes immediately after irradiation at doses of 0.7 and 0.95 kGy, respectively (Table  2 ). However, the results from these two doses did not differ significantly, possibly because of the high standard devia-tion within the 0.7-kGy treatment group. Yeast and mold counts on tomato cubes fell below the lowest detectable limit of 10 CFU/g after treatment with irradiation. Yeasts were not as affected by the higher dose of irradiation as they were by the lower dose. This result might have been an effect of the low counts, which could have resulted in a few colonies randomly growing on the yeast and mold plates. Yeast populations were significantly reduced on tomato stem scars, but there was not a significant difference in the results obtained for the two irradiation doses. LAB and mold counts for stem scar samples were not significantly affected by irradiation treatment; mold counts were higher than those of untreated controls with either dose and LAB counts were higher with the 0.7-kGy dose.
LAB counts were higher on stem scars than on tomato cubes for all treatment groups, although there were no significant differences in counts between sample types for each irradiation treatment group. Yeast counts were significantly greater for stem scar control samples and those treated with 0.95 kGy than for tomato cube samples. Mold counts for stem scars did not decrease to a level below the detectable limit, as did those for the tomato cubes at 0.7 and 0.95 kGy, despite the similar mold populations for controls of both sample types. Overall, reductions in microbial counts were greater on fresh-cut tomato cubes treated with lowdose irradiation than on stem scars, and there were differences in some microbial populations between the sample types for both doses. These results support the likelihood that the stem scar region of tomatoes may provide protection for microorganisms on tomatoes (15) . More research is needed to determine whether the water content within the stem scar region might limit secondary effects of irradiation, which are thought to add to the antimicrobial effect of this technology (12) .
When irradiated inoculated fresh-cut tomatoes were stored, LAB counts were variable throughout the 15 days at 4ЊC (Fig. 2) . The most variable LAB counts were found on samples treated with 0.7 kGy for both cubes and stem scars. Statistical analysis revealed that the LAB populations on day 0 were not as affected by irradiation as were those enumerated throughout storage. This outcome could be due in part to sublethal injury of LAB cells. Similar to the results found for Salmonella, there was a significant difference in LAB counts between the control and irradiated samples, with no significant difference in counts between the two dose groups. Figure 3 shows the yeast counts of tomato cubes and stem scars during storage at 4ЊC, with a steadily increasing yeast population regardless of irradiation dose. Storage temperature did not suppress yeast proliferation, likely because the minimum growth temperature for most yeasts is 0ЊC (11) . Mean populations for control samples reached 8.9 and 9.2 log CFU/g by day 15 of storage. For all irradiated samples, yeast counts reached at least 6.9 log CFU/g by day 15 of storage. Yeast growth could be observed on control tomato cubes and stem scars on day 9 of storage, whereas irradiated samples did not display visible growth until 15 days of storage. This indicates that irradiation may be used for preserving product quality. Overall, mold counts were not reduced on either type of tomato sample during storage, regardless of irradiation dose (data not shown). This finding supports reports that molds are more resistant to irradiation than are bacteria (22) . The pH of all samples was measured prior to sampling on each analysis day. Significant differences in pH values occurred only after 9 days of storage at 4ЊC (Table 3) , and these decreases accompanied the proliferation of spoilage organisms. Some variability was found among samples of each treatment group; tissue closer to the stem scar consistently had a higher pH than the flesh of the tomato cubes.
Low-dose electron beam irradiation reduced populations of two Salmonella serotypes in fresh-cut tomatoes. The differences observed in irradiation effects between stem scars and tomato cubes might be due to a higher population accumulating in the stem scar region (29) . LAB, yeasts, and molds all were more resistant to irradiation than were the Salmonella serotypes, consistent with results found by other researchers (1, 33) . The lack of difference in overall microbial log reductions between samples irradiated at 0.7 versus 0.95 kGy may be due to the dose difference of only 0.25 kGy. Higher doses might have resulted in larger reductions in Salmonella populations. However, the current restriction on irradiation doses for fresh products of no more than 1 kGy would make inclusion of a higher dose unrealistic. Knowing the radiation D-value for Salmonella in tomatoes or other fruits and vegetables would be a good reference point for designing irradiation treatments for reducing pathogens. However, studies addressing the D-value for Salmonella in produce are scarce. A few reports were found (14, 28) where the D-value ranged between 0.46 and 0.59 kGy for different Salmonella serotypes and commodities such as cauliflower and alfalfa sprouts. The properties of each commodity may play an important role in the radiation D-value of a microorganism. Thayer et al. (32) reported D-values of 0.91 to 1.02 kGy on alfalfa seeds, whereas these values were reported as 0.46 to 0.54 kGy on alfalfa sprouts (28) . The source of energy is another factor that may make it difficult to compare our results to previously published research. In previous studies, the radiation D-value was determined based on gamma rays, whereas our study was conducted using electron beam irradiation. Previous research indicates that the radiation Dvalue obtained by electron beams tends to be lower than the D-value obtained with gamma rays (20) . Although no information on radiation D-value for tomatoes was found, Palekar (26) found that the D-value for Salmonella Poona inoculated on the surface of cantaloupe slices was 0.211 kGy. In the present study, Salmonella was inoculated onto relatively irregular pieces of tomato; therefore the microorganism might have been located in sections with different superficial and geometric characteristics, and a radiation Dvalue might not represent real process conditions. The use of electron beam irradiation for food safety purposes is an evolving research area, and the biological changes that take place during the irradiation of fresh-cut tomatoes and other fresh produce are not yet fully understood. The relationships between the microorganisms quantified in this research raise important questions about irradiation treatment on fresh-cut produce. Higher doses of radiation inhibited natural microbiota, some of which is known to be antagonistic to pathogens in different food products (5, 19) .
In this study, the potential of ionizing radiation for decontaminating fresh-cut produce was demonstrated. Although the reduction in Salmonella populations was smaller than expected, the use of low doses had the advantage of producing no visible damage to the product and being in compliance with current regulations. The 2.4-log reduction in pathogen concentration can be combined with the reductions obtained with other interventions at previous steps in the production chain, including good agricultural practices and controlled disinfection of the fresh tomatoes (17) . The cumulative reductions may then be sufficient to render a safe product at the retail level. A higher radiation dose is needed to achieve larger reductions in pathogen populations. Current U.S. Food and Drug Administration regulations prohibit the application of radiation doses in excess of 1 kGy to fresh fruits and vegetables. This limit prevents product damage but allows elimination of possible pests in specific food products. However, because this limit applies to all fresh fruits and vegetables, it hinders the ability of the food industry to use doses greater that 1 kGy for food safety purposes. Approval has been issued for use of up to 4.5 and 7 kGy for controlling foodborne pathogens and extending the shelf life of uncooked, refrigerated, or frozen meat, meat products, and by-products, thus suggesting that there are no safety or quality concerns associated with the use of doses between 1 and 2 kGy, which could be very useful for preserving fresh and fresh-cut fruits and vegetables and reducing pathogens in these commodities, as indicated by previous studies (27) . However, higher doses may be associated with a reduction in the sensory quality of produce. Further studies are needed to determine whether the higher doses required for decontamination will also negatively affect sensory characteristics such as flavor, color, and texture.
